A new multinary semiconductor Cu 2 ZnSnS 4−x O x (CZTSO), which does not contain toxic elements and expensive rare metals, was fabricated by the electrochemical deposition (ECD) method. CZTSO thin films were deposited onto indium tin oxide (ITO-) coated glass substrates by DC and two-step pulsed ECD from aqueous solutions containing CuSO 4 , ZnSO 4 , SnSO 4 , and Na 2 S 2 O 3 . The films deposited by pulsed ECD contained smaller amount of oxygen than those deposited by DC ECD. The films had band gap energies in a range from 1.5 eV and 2.1 eV. By a photoelectrochemical measurement, it was confirmed that CZTSO films showed p-type conduction and photosensitivity. CZTSO/ZnO heterojunctions exhibited rectification properties in a currentvoltage measurement.
Introduction
Recently, Cu 2 ZnSnS 4 (CZTS) attracts much attention, as CZTS is suitable for thin film solar cells, owing to the bandgap energy of 1.4-1.5 eV and large absorption coefficient over 10 4 cm −1 . CZTS thin film solar cells were fabricated for the first time in 1988 by Ito and Nakazawa [1] . Efficiencies of up to 6.77% were achieved by Katagiri et al. [2] . Moreover, efficiency was further improved by adding Se into CZTS thin film. Several papers were reported on solar cells based on Cu 2 ZnSnS 4−x Se x (CZTSSe), and Barkhouse et al. have fabricated 10.1% efficient CZTSSe cells by hydrazine-based solution processing [3] . Oxygen is another group VI element and can replace S in CZTS without disturbing valence. Therefore, Cu 2 ZnSnS 4−x O x (CZTSO) can also be suitable for thin film solar cells. However, to our knowledge, there is only one paper on fabrication of CZTSO, which reports deposition of CZTSO by an open atmosphere type chemical vapor deposition using oxide precursors [4] . In this work, we deposit CZTSO thin films by the electrochemical deposition (ECD), which is a low-cost technique that enables the production of thin films in a large area in a short time.
ECD has been used to deposit metal precursors, which is subsequently sulfurized to form CZTS [5] [6] [7] . Recently, direct synthesis of CZTS by ECD has been reported [8] [9] [10] . However, in those previous papers, oxygen amount in the films was not mentioned at all, although introduction of some amount of oxygen is usually not avoidable in ECD from an aqueous solution. Thus, effects of oxygen on film properties have never been studied, and it has not been discussed either how the oxygen amount in a film can be controlled in ECD. Moreover, fabrication of heterostructure cells based on nonannealed ECD-CZTS has not been reported. In this work, we fabricate heterostructures based on as-deposited CZTSO films. So far, as a buffer layer, CdS was usually used for CZTS and CIGS-based solar cells [1] [2] [3] 11] , but Cd is toxic and relatively rare. Recently, a Cd-free CZTS/ZnO heterojunction solar cell has been reported, and the conversion efficiency of 4.29% has been obtained [12] . Therefore, we selected ZnO as the partner of the pn heterojunction based on CZTSO.
Experimental
A three-electrode cell was used for ECD with a saturated calomel electrode (SCE) as the reference electrode. Hokuto Denko function generator HB-104 and potentiostat/galvanostat HA-301 were used as the voltage source. Indium tin oxide (ITO-) coated glass was used as the working electrode (substrate), and a platinum sheet was used as the counter electrode. Both the ITO substrate and the platinum sheet were washed ultrasonically in alky benzene and dried in nitrogen before the experiment. The deposition area was about 1 × 1 cm 2 . The CZTSO thin films were prepared from an aqueous solution containing 5 mM CuSO 4 , 5 mM ZnSO 4 , 5 mM SnSO 4 , and 25 mM Na 2 S 2 O 3 , and 2 mL sodium lactate (59%) was added to 50 mL of the aqueous solution as a pH buffer [13, 14] . pH of the solution was 4.8. In a previous work, we succeeded in depositing Cu x Zn y S using a similar solution containing lactate ions [15] . The electrolyte temperature was kept at room temperature in a water bath throughout the deposition. The deposition potential was determined on the basis of the cyclic voltammetry (CV). The cathodic scan was from 0 to −1.5 V, and the anodic scan was from −1.5 V to +0.5 V with a scan rate of 20 mV/s. Both DC and two-step pulse biases were employed for the deposition.
The DC potential was determined to be −0.80 V on the basis of the cyclic voltammogram. The pulsed potentials employed for the deposition are listed in Table 1 . The typical pulsed voltage and current profiles during deposition are shown in Figure 1 . Total deposition time is 20 min. After the experiment, the deposited films were washed in pure water and naturally dried in air.
The compositional analyses were carried out by Auger electron spectroscopy (AES) using a JEOL JAMP 9500 Auger microprobe at a probe voltage of 10 kV and a current of 2 × 10 −8 A. Argon ion etching with an acceleration voltage of 3 kV and a current of 8 mA was used to sputter the film surface. The surface morphology observation was also performed using scanning electron microscope (SEM) of JEOL JAMP 9500. The films thickness was measured by an Accretech Surfcom-1400D profile meter. The optical transmission measurement was performed using a JASCO U-570 spectrometer with the substrate as the reference. Xray diffraction (XRD) was measured using a Rigaku Smartlab diffractometer with a Cu Kα radiation source.
To measure conduction type and photosensitivity, photoelectrochemical (PEC) measurements were carried out in an aqueous electrolyte containing 100 mM Na 2 S 2 O 3 using the same three-electrode cell as used for the deposition with the light incident from a xenon lamp toward the back side of the sample. The incident light was turned off and on mechanically every 5 s under the application of a ramp voltage.
ZnO was deposited by ECD using an aqueous solution containing 0.1 M Zn(NO 3 ) 2 [16] . The deposition temperature was 60 • C. The deposition bias was a two-step pulse with V 1 = −1.3 V and V 2 = −0.6 V, and the duration of each pulse was 10 s. The deposition time was 2 min, and the film thickness was about 0.5 μm. Aluminum was evaporated as electrodes on the Al/CZTSO/ZnO/ITO glass substrate structure. Figure 2 shows the AES spectra of samples A and C. The composition calculated from the AES results are listed in Table 1 and also plotted in Figure 3 . The significant amount oxygen is included in the films. Introduction of oxygen is usually expected in ECD from aqueous solutions, and ECD of various oxides (ZnO [16, 17] , SnO 2 [18, 19] , Cu 2 O [20, 21] , and sulphide oxides (SnS x O y [22] , ZnS x O y [23] ) has also been reported. The source of oxygen in those oxide depositions is either OH − ions or dissolved oxygen in the solution. In our case, since the solution is acidic (pH = 4.8), the dominant source of oxygen would be dissolved oxygen. The O/S ratio in the film is larger than unity for sample A, but it is smaller for the samples deposited by the pulsed potentials. Thus, the oxygen amount can be controlled by the deposition potential form. The previous works suggest that a slightly Zn-rich and Cu-poor composition gives good optoelectronic properties [24] [25] [26] .
Results and Discussion
In case of the pulsed potential deposition, Cu amount was reduced with increasing negative potential, and samples D and E have Cu-poor composition (Cu/(Zn + Sn) < 1). This can be explained as follows. The ionization tendency is smaller (the equilibrium potential is more positive) for Cu than for Zn and Sn. Thus, deposition of the Cu-based compounds will start at more positive potential than the Zn and Sn-based compounds. Then the composition will be more Cu-rich at relatively positive deposition potentials.
With increasing negative deposition potential, deposition rates of the Zn and Sn-compounds will be enhanced while deposition rate of the Cu-compounds is limited by supply of ions in the solution. Therefore, the composition is more Znand Sn-rich at a larger negative potential. Figures 4(a) and 4(b) show the SEM images of samples A and D. For sample A, which was deposited by DC ECD, deposits with irregular shapes are seen on a continuous but porous film, whereas sample D seems to be composed of densely packed grains. The other samples deposited by pulsed ECD have surface morphology similar to sample D (Figure 4(b) ). Thus, the films deposited by pulsed ECD are more dense than that deposited by DC ECD. Figure 5 shows the optical transmission spectrum of samples A, B, C, D, and E. The films deposited by the pulsed potentials have an absorption edge at a longer wavelength than that deposited by DC ECD. Figure 6 shows plots of (αhν) 2 versus hν, where α is the absorption coefficient and hν the photon energy. In the calculation of absorption coefficient from the transmission data, a constant reflectance value (10%) was assumed, and the obtained bandgap values are listed in Table 1 . The bandgaps of samples B-E are about 1.5-1.6 eV, close to the literature value of CZTS, while sample A has a bandgap larger than 2 eV. Since sample A is more oxygen-rich than the other samples, this indicates that the bandgap of CZTSO tends to increase with increasing oxygen content. Figure 7 shows the PEC measurement results for the CZTSO films. The step-form variation in the current is due to the turning on/off of the illumination. By the illumination of the film, carriers are excited, and the excited minority carriers diffuse to the surface to participate in the electrochemical reaction at the film-electrolyte interface. Since the photocurrent is negative, the minority carriers generated here are electrons. Thus, we confirmed that the CZTSO films are p-type. The photocurrent is largest for sample D. This will be partly due to the fact that sample D has the smallest bandgap and thus can absorb largest number of photons among the samples. However, even if the number of absorbed photons is large, photoresponse will be small if recombination rate is high. Thus, the relatively large photocurrent for sample D implies that the defect density of sample D is comparable to or less than those of other samples. On the other hand, the optical transmission in the long-wavelength (subbandgap) region is lower for sample D than for the other samples, as can be seen from Figure 5 . One might suppose that this low transmission is due to a large density of gap states, but then the photosensitivity would have been lower for sample D because of recombination at defect levels. Thus the low optical transmission of sample D could be due to some other reason, for example, scattering due to the grain structure. Figure 8 shows the XRD patterns of the CZTSO films grown on ITO and the bare ITO substrate. For sample A, (112), (200), and (303) peaks of CZTS were confirmed in the XRD pattern, and Cu 2 O (211) and Cu 4 O 3 (303) peaks were also observed. It is considered that copper oxides were also formed because Cu/(Zn + Sn) > 1 and O/S > 1 for sample A. In the case sample B, C, D, and E, the major peaks of the film can be indexed as (112), (200), and (312) of CZTS. However, the peaks were very weak, probably because the films were not annealed or sulfurized and thus would be nanocrystalline or amorphous. The peaks of the copper oxides were not confirmed for samples B-E because oxygen amount was reduced to 20%-10% as can be seen from Table 1 . Figure 9 shows the results of the current-voltage measurement in the dark for the heterostructure based on sample D. Rectification properties were observed, but the leakage current is large, about 0.15 mA/cm 2 at −1.0 V. The heterostructure based on the other CZTSO samples also shows similar rectifying behavior. However, the efficiency of those solar cells is very low probably because of the leakage current. Research is now in progress to improve efficiency by modifying the CZTSO deposition condition.
Conclusions
In this work, the DC and two-step pulsed ECD methods have been applied for fabricating CZTSO absorber layers for thin film solar cells. Oxygen amount in the film is smaller for the films deposited by pulsed ECD than that deposited by DC ECD, and composition is more Cu-poor for larger negative deposition potential. P-type conductivity and photosensitivity of the films are confirmed by the PEC measurement, and the pn heterojunction with ZnO shows rectification properties.
